Effects of variation in light intensity on growth of plants from five different populations of triazine-susceptible and -resistant Solanum nigrum were studied in growth chambers at three light levels. Plants were grown without intraspecific competition and with optimal mineral nutrition. After 29 d, the mean biomass of resistant biotypes was about 25 % less than that of susceptible biotypes at all light levels. Curve-fitting growth analysis showed that this was the result of a lower initial biomass of the resistant biotype at the start of the experiment, as the relative growth rates (RGR) of the susceptible and resistant biotypes in the early growth phase were equal. Specific leaf area (SLA) was higher for the resistant biotype but this was compensated for by a lower net assimilation rate (NAR). The fraction of dry matter invested in leaves was the same for both biotypes, but the resistant biotype produced more leaf area per unit leaf weight. The equal RGR of the susceptible and resistant biotypes in the early growth phase may have implications for the competitive ability and population dynamics of a population with resistant biotypes.
INTRODUCTION
The occurrence of herbicide-resistant weeds is a major concern in different cropping systems around the world. In maize, the intensive use of triazine herbicides for several decades has resulted in triazine-resistance in several weed species, for example Chenopodium album L. and Solanum nigrum L. in the Netherlands (Van Oorschot and Straathof, 1988) . Plants resistant to triazine herbicides might also be resistant to other herbicides, seriously limiting the options for chemical control when the number of available herbicides decreases as well. Ecologically-based management strategies for triazine-resistant weeds should, therefore, be developed. To achieve this, more knowledge of the life history and ecology of triazine-susceptible and -resistant biotypes of S. nigrum is required.
An important part of the life history of a weed is its establishment under a crop canopy. Successful establishment is determined mainly by the duration of the period between crop and weed emergence (Kropff and Van Laar, 1993) . Plant growth early in the season plays a crucial role in determining the size of the plants when competition starts in arable crops (Sattin and Sartorato, 1997) . Final plant weight and reproduction are often related to growth rate early in the season. When plants are growing exponentially, the relative growth rate (RGR), determined by curve fitting, is a stable and useful parameter for comparison of growth between species (Poorter, 1989) as it is independent of plant size.
* For correspondence. E-mail martin.kropff!staff.tpe.wau.nl Different growth characteristics of triazine-susceptible and -resistant weeds have been compared and interpreted in terms of the reduced fitness of the resistant biotype in the absence of the herbicide. Triazine-resistance results from a mutation in the chloroplast genome, reducing the rate of electron transport between Q A and Q B in photosystem II. As a result, lower photosynthetic rates, biomass production, fecundity and competitiveness of resistant biotypes compared to susceptible biotypes, have been found in several experiments [for a review see Holt, Powles and Holtum (1993) ]. However, in other experiments, susceptible and resistant biotypes have shown equal biomass production in the absence of competition (Scho$ nfeld et al., 1987 ; Anderson et al., 1996) . This could be explained by the maternal inheritance of triazine resistance, and the possible compensating effect of genome-controlled traits on the biomass production of the resistant biotype (McCloskey and Holt, 1990) . Another factor might have been the light levels used in the experiments, since resistant biotypes are more sensitive to photoinhibition at a high light level (PPFD l 1200 µmol m − # s − ") whereas, under low light (PPFD l 100 µmol m − # s − "), differences in growth between biotypes are much less clear (Hart, Radosevich and Stemler, 1992) .
The objective of this study was to determine the effect of biotype and population on growth and development of young S. nigrum plants under different light levels and to identify the growth parameters responsible for possible differences. To eliminate possible compensating effects of genome-controlled traits on growth of susceptible and resistant biotypes, several different populations of different origins with both biotypes present were used in this study (Warwick and Black, 1994) . The required number of populations depends on the size of the real difference between biotypes and the variability both between and within populations (Cousens, Gill and Speijers, 1997) . To unravel the most important growth components, the experiment was carried out in a growth chamber under homogeneous environmental conditions and optimal nutrition. Variable weather conditions, as they occur in the field, did not play a role, and growth could be studied under undisturbed conditions with no competition between individual plants.
MATERIALS AND METHODS
Triazine-susceptible and -resistant seedlings of five populations of S. nigrum were collected in the field in 1995 (Table  1) . The biotypes within populations were identified by measuring chlorophyll fluorescence, and grown in the glasshouse under uniform conditions. Ripe berries were collected, and seeds were washed, sieved and dried at room temperature. Mean individual seed weight was determined by weighing 600 seeds. Germination characteristics of the different populations and biotypes were determined under alternating temperatures of 15\25 mC and 12 h daylength. The percentage germination was determined and time to 50 % germination (t &! ) calculated by fitting a Gompertz curve.
To ensure sufficient germination in the growth experiment, seeds were stored at 5 mC in a 1 ppm gibberellic acid solution for 2 weeks prior to the start of the experiment to break primary dormancy. The seeds were then thoroughly rinsed with tap water allowed to germinate on moist filter paper in Petri dishes under alternating temperatures of 15\25 mC and 12 h daylength. Germinated seeds with a visible radicle were removed daily and stored in darkness at 5 mC from 1-6 d to stop further growth. The root length of the germinated seeds used in the experiment did not exceed 3 mm.
At the start of the experiment, germinated seeds were placed in rock wool floating on an aerated nutrient solution (1n0 m NH % , 6n5 m K, 2n75 m Ca, 1n0 m Mg, 10n75 m NO $ , 1n5 m SO % , 1n25 m P, 15 µ Fe, 10 µ Mn, 4 µ Zn, 20 µ B, 0n75 µ Cu and 0n5 µ Mo). PAR level at the rock wool surface was 500p2 µmol m − # s − " with a day\night temperature regime of 19\15 mC. After 13 d, when the seedlings had two true leaves, they were transferred to the growth chambers with different light treatments but the same aerated nutrient solution. The experimental design 0, 6, 11, 15, 20, 25 and 29 d after transfer to the different light levels. At each harvest, plant height, leaf area, dry matter of leaves, stems and roots, and numbers of dichotomous branches and flowers (white petals visible) of each plant were determined. Data from all harvests and total dry weight at the final harvest were analysed by ANOVA based on a split-plot design (Payne et al., 1987) .
Growth was analysed by fitting an exponential-linear growth equation because the plants initiated linear growth, as a result of intra-plant mutual shading of leaves (Goudriaan and Monteith, 1990) :
In this equation, the total plant dry weight (W ) is determined by the initial highest relative growth rate (r m ) and the highest absolute growth rate (c m ); t represents time, and t b is the time at which growth changes from exponential to linear growth. The goodness-of-fit was determined by checking the percentage variance accounted for, and the residuals of the fitted values (Payne et al., 1987) . The relative growth rate (RGR) in the early (exponential) growth phase was used in the growth analysis.
RGR can be resolved into two components : net assimilation rate (NAR ; g m − # d − ") and leaf area ratio (LAR ; m# g − " per plant) : RGR l NARiLAR. NAR was derived from data from adjacent harvest intervals. LAR was further resolved in leaf weight ratio [LWR ; g (leaf) g − " (plant)] and specific leaf area (SLA ; m# g − " leaf)] : LAR l LWRiSLA. LWR and SLA were derived for data obtained at each single harvest. The parameters RGR, NAR, LAR, SLA and LWR were analysed by ANOVA, based on the split-plot design of the experiment.
RESULTS
In most populations the individual seed weights of the resistant biotypes were lower than those of the corresponding susceptible biotypes (Table 1 ). The percentage germination and rate of germination of the susceptible biotypes were generally much lower than those of the
T  2. Mean percentage germination and time to 50 % germination (t &! ) of seeds from different populations and biotypes
Achterberg 0n99 0n99 4n5 3 n6** Zelham 0n59 0n98*** 6n0 3 n1*** Gorssel 0n21 0n99*** 5n8 3 n9*** Epse 0n05 0n99*** 6n5 3 n8** Beerze 0n09 1n00*** 6n5 4 n5* Significant differences between resistant and susceptible biotypes based on a t-test : *P 0n05, **P 0n01, ***P 0n001.
T  3. Mean dry weight (s.e.) of seedlings at the start of the experiment (day 0 ; n l 3)
Significant differences between resistant and susceptible biotypes based on a t-test : *P 0n05, **P 0n01, ***P 0n001. resistant biotypes ( Table 2 ). The initial dry weight of the seedlings at the start of the experiment was positively associated with seed weight (P 0n05) but was determined mainly by biotype (P 0n001). Initial dry weights of the resistant seedlings were between 33 and 67 % of the weight of corresponding susceptible seedlings (Table 5 ). There was a clear delay in biomass production by resistant seedlings at the start of the experiment. Total dry matter production by the end of the experiment was independent of population and higher for the susceptible biotypes (P 0n001) ; it increased with light supply (P 0n01 ; Fig. 1) , and there was a significant interaction between biotype and light (P 0n05). At the highest light level, the total dry matter production of the susceptible biotypes was 25 % higher than that of the resistant biotypes (Fig. 1) . Origin of population had no effect on the total dry matter production of susceptible and resistant biotypes (P 0n05, data not presented). The results for the five populations have, therefore, been combined in 
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Days after transplanting Net assimilation rate (g m curve fitting, making the final results less erratic. Fitting an expolinear growth equation resulted in a fit which accounted for a high percentage of variance, and gave a homogeneous distribution of the residuals of the fitted values (Payne et al., 1987) . Comparisons of the fitted RGR with the RGR calculated from adjacent harvest intervals of individual plants showed the high variation in RGR values based on harvest intervals (Fig. 2) . The variation in RGR values based on harvest intervals was somewhat larger for the resistant biotype but the relatively homogeneous distribution justifies the use of the fitted RGR in the growth analysis of both biotypes. Mean relative growth rates of the resistant biotypes were no different from those of the susceptible biotypes (Fig. 3) . Relative growth rate increased with increasing light level (P 0n001). No significant effect of population or biotype on RGR was observed. Values of c m and t b from the fitted expolinear growth equation are presented in Table 4 . The highest linear growth rate (c m ) tended to be affected by the interaction of light with biotype (P 0n10). The time at which the growth rate passed from exponential to linear (t b ) decreased with increasing light level (P 0n01) and also tended to be affected by the interaction of light with biotype (P 0n10). NAR (g m − # d − "), calculated over the period between two harvests, increased with increasing light level (P 0n001 ; Fig. 4 A, Table 5 ). It also differed (P 0n05) between biotypes but varied with time (Fig. 4 A) . LAR (m# g − " plant) was very plastic and increased strongly with lower light level (P 0n01 ; Table 5 ). The differences between susceptible and resistant biotypes increased with decreasing light level (P 0n001).
T  7. Time of onset of flowering (appearance of petals, d) of triazine-susceptible and -resistant S. nigrum from fi e different populations
LAR was subdivided into LWR and SLA. LWR [g (leaf) g − " (plant)] was only slightly affected by light level and did not differ between biotypes (Table 5 , Fig. 4 B) . The effect of population on LWR was very small (P 0n05) and varied between harvests (significant interaction P 0n01). The decline in LWR during the experiment indicated a lower investment of dry matter in leaves. At the same time, the shoot : root ratio which was higher (P 0n001) for the resistant biotype, increased slightly with time (Table 6) , indicating a switch from investment in leaves to investment in stems and reproduction. This was consistent with the fact that flowering (petals visible ; determined at each harvest) had started during the experiment. Flowering was delayed at lower light levels. Resistant seedlings started flowering later than susceptible seedlings (Table 7) . At the end of the experiment, biometric traits such as leaf area, number of branches and number of racemes were lower (P 0n01) in resistant plants, with the exception of plant height which did not differ significantly between biotypes (Table 8) . Light level had an effect (P 0n01) on leaf area and number of racemes.
SLA decreased strongly with increasing light level but this depended on harvest time (P 0n001 ; Fig. 5 , Table 5 ). SLA was higher for resistant biotypes at all light levels and harvests (P 0n001), with a significant interaction between light and biotype (P 0n01). The higher SLA of the resistant biotype indicates a higher production of leaf area per unit dry leaf weight of the resistant biotype.
DISCUSSION
Management of herbicide-resistant weeds is an important topic in modern agriculture, where the aim is to minimize use of, and dependence on, herbicides. Different strategies to prevent or manage herbicide resistance have been developed (Moss and Rubin, 1993) . In the case of triazineresistant weeds, suggested management strategies are based mainly on differences in fitness between biotypes in the absence of the herbicide. The magnitude of differences in fitness between susceptible and resistant biotypes determines the selectivity of these management strategies. Relative measures of fitness describe the potential evolutionary success of a genotype based on survival, competitive ability and, ultimately, reproductive success, with the most fit individual leaving the greatest number of offspring, thereby contributing a greater proportion of its genes to the gene pool of the population. Usually, differences in fitness between susceptible and resistant biotypes are characterized only by plant productivity or competitiveness (Warwick and Black, 1994) . Growth of triazine-susceptible and -resistant plants in the field has been studied in, amongst others, Brassica napus (Gressel and Ben-Sinai, 1985) and Amaranthus hybridus (Ahrens and Stoller, 1983 ; Jordan, 1996) . However, environmental conditions in the field are not controllable, and extremely unpredictable, making clear interpretation of the experimental results very difficult. In a controlled environment, variability is strongly reduced, permitting a more refined analysis of growth.
Growth experiments using individual S. nigrum plants in glasshouses showed a higher biomass production by the triazine susceptible biotype after 42 d (Domı! nguez, Tena and De Prado, 1994) and 50 d (Bulcke et al., 1985) compared with the resistant biotype. In growth chambers, biomass production of susceptible biotypes was also higher than that of resistant biotypes after 30 d (Jacobs et al., 1988) and after 75 d (Zanin and Lucchin, 1990) . The corresponding results from the early, exponential, growth phase in these studies emphasize the importance of secondary effects of triazineresistance on growth.
In the present experiment, the triazine-susceptible biotypes of S. nigrum produced more biomass than the resistant biotypes and the effect increased with increasing light levels. This supports the hypothesis of a negative effect of increasing light intensity on growth of the resistant biotypes, although the light levels in this experiment were relatively low (maximum PPFD 377 µmol m − # s − "). In Brassica napus (Hart et al., 1992) and C. album (Curwiel et al., 1993) , an increased photoinhibition of the resistant biotypes at higher light levels (max. PPFD of 1200 and 547 µmol m − # s − ", respectively) resulted in reduced biomass production. Understanding the origin of these differences in biomass production requires more detailed knowledge of growth processes of both biotypes at different light levels. In the current study, therefore, data were analysed using an expolinear growth equation to detect underlying mechanisms.
RGR, determined by curve fitting, is the most stable parameter for comparing the growth of plants from different treatments during the exponential growth phase. To determine the relative growth rate, initial dry weights and periodic harvests are needed. In this experiment the initial weights of the susceptible seedlings were higher than those of the resistant seedlings (Table 3) as was also found by Zanin and Lucchin (1990) . Relative growth rates of the resistant biotypes were equal to those of the susceptible biotypes (Fig. 3 ) and no effect of photoinhibition on the RGR of the resistant biotype at the highest light level was observed. The transition from exponential to linear growth took place earlier as light levels increased ( Table 4 ), indicating that the period during which RGR could be calculated from exponential growth decreased with increasing light levels. This was expected, as plants grow faster at higher light levels and mutual shading of leaves occurs at an earlier stage. Higher relative growth rates of resistant plants in the early growth stage have been reported by Zanin and Lucchin (1990) over the period 18-43 d after transplanting, and by Domı! nguez et al. (1994) over the period 21-35 d after germination. In the present experiment, a difference in RGR between biotypes could have existed in the short period between emergence and transplanting but was not present during the course of the experiment.
NAR, calculated across adjacent harvest intervals, increased with increasing light level and was lower for the resistant biotype, irrespective of plant size. This could indicate the existence of an often-reported reduction in the photosynthetic efficiency of the resistant biotype (Holt et al., 1993 ; Moss and Rubin, 1993) . Triazine-susceptible and -resistant biotypes of S. ulgaris grown in a glasshouse showed similar NAR (Holt, 1988) whereas Zanin and Lucchin (1990) found a higher NAR for resistant S. nigrum during early growth.
LAR is a very plastic growth parameter which is strongly affected by light supply (Jeangros and No$ sberger, 1992) . Decreasing light intensities cause an increase of the LAR with the result that light capture by the leaves is increased (Brouwer, 1962 ; Stoller and Myers, 1989 ; Semb, 1996) . A significantly higher LAR in the resistant biotype of S. nigrum was also found in S. ulgaris by Holt (1988) .
LWR quantifies the fraction of total dry matter of a plant invested in leaves, and it declines with increasing light level in S. nigrum. During the present experiment, LWR decreased but the shoot : root ratio increased, implying a switch from investment in leaf biomass into investment in stems and reproduction. This is supported by the fact that flowering had started during the experiment. Flowering was delayed at lower light levels, and resistant seedlings flowered later than susceptible seedlings, indicating a lower rate of plant development in the resistant biotype. Differences in flowering time between biotypes ranged between 47n5 and 95 degree days, assuming a base temperature of 6 mC for plant development (McGiffen and Masiunas, 1992) . Other biometric traits such as number of buds, number of branches and number of leaves differed among populations but were consistently lower for resistant biotypes, as reported by Zanin and Lucchin (1990) and Domı! nguez et al. (1994) .
The most important component affecting LAR was SLA (Fig. 5) . The higher SLA of the resistant biotype represented a higher leaf area production per unit dry leaf weight, which decreased with increasing light level. SLA during the early growth stages is determined by leaf expansion, governed by temperature, and by dry matter growth, which is mainly driven by radiation (Horie et al., 1979 ; Kropff and Van Laar, 1993) . A higher SLA of triazine-resistant biotypes was also found for S. ulgaris by Holt (1988) and can be shown from results of Domı! nguez et al. (1994) with S. nigrum.
The higher SLA of triazine-resistant biotypes of S. nigrum may compensate for the reduced photosynthetic efficiency indicated by the lower NAR. By increasing the leaf area per unit dry matter, photosynthesis per unit leaf area might be lower but overall photosynthesis per plant might be equal. Lemoine et al. (1986) found shade-type chloroplasts in triazine-resistant S. nigrum. The adaptive reorganization of the thylakoid components seemed to be a compensatory mechanism for the reduced electron transport rate between Q A and Q B . Other secondary effects might exist and affect the fitness of triazine-resistant biotypes.
The growth analysis in the present experiment showed that the biotypes had the same RGR. These findings, under controlled conditions, cannot be applied directly to field conditions. However, light levels under a closing maize crop are in the range of light levels in this experiment. Light quality, expressed as red : far red ratio, is also affected by the light interception of a crop (Morgan and Smith, 1981) . Red : far red ratios in the growth chamber ranged between 2n85 and 3n10 compared with a ratio of 0n3 under a maize crop [calculated from Sattin, Zuin and Sartorato (1994) ]. Red : far red ratio mainly affects stem elongation and leaf dry weight : stem dry weight ratio (Morgan and Smith, 1981) .
The possible compensating effects of genome-controlled traits on growth, which could potentially cause variable results, seemed to be absent in this experiment with five populations. No effects of population on the growth components RGR, LAR, NAR and SLA were observed (Table 5 ). Significant differences in relative growth rates between triazine-susceptible and -resistant biotypes, as expected from earlier reports on growth, were absent in this experiment.
The observed equal RGR suggests that the susceptible and resistant biotypes would have the same competitive ability under limiting light levels in a crop, in the absence of a triazine herbicide, resulting in equal dry matter production and reproduction. The difference in observed final biomass production between susceptible and resistant biotypes is most probably the result of processes which took place in the very early phase of seedling growth. Since single plants in growth chambers and plants in the field grow differently it is necessary to evaluate growth patterns under field conditions and to gain more information about the whole growth period.
Information about competitive ability obtained should be integrated with knowledge about secondary effects of triazine resistance on other processes in the life cycle e.g. dormancy and germination (Table 2 ; Kremer and Lotz, 1998) . Knowledge of the complete life history can then be used to estimate fitness differences between biotypes to develop management strategies to control triazine resistant weeds.
